This article describes a Ðt of numerically integrated orbits for the eight outer Jovian satellites to Earth-based astrometric observations. The principal results are the epoch state vectors for the integration and a set of mean orbital elements, which approximately represent the orbits. An assessment of the quality of the Ðt and of the accuracy of the orbits is also provided.
Our model for the orbits of the satellites is a numerical integration of their equations of motion (Peters 1981) , which includes the e †ects of an oblate Jupiter (J2 only), perturbations from the Galilean satellites, and perturbations from the Sun, Saturn, Uranus, and Neptune. The formulation is in Cartesian coordinates centered at the Jovian system barycenter and referenced to the mean Earth equator and equinox of the J2000.0 system. Because the outer satellites are small and their GMs are unknown, they are assumed to be massless ; hence the Jovian barycenter location depends only upon the planet and perturbing satellites. The positions of the Sun, Saturn, Uranus, and Neptune are from JPL planetary ephemeris DE405 (Standish 1998) ; LieskeÏs E5 ephemerides (Lieske 1998) provide the Galilean satellite positions. Table 1 lists the GMs of Jupiter and the perturbing bodies and the Jupiter J2 (the values were taken from the analysis of the Galileo spacecraft data currently in progress). The GM of the Sun was augmented by the GMs of Mercury, Venus, the EarthMoon system, and the Martian system to account for part of the perturbing e †ects of the inner planets.
In evaluating our model, we found that the size of the Saturnian perturbations were of the order of 1000 km for the direct satellites and 20,000 km for the retrograde ones. Perturbations from the other planets were at most of the order of 100 km, which is well below the accuracy of the best observations. The perturbations were retained for completeness, however, because they added little computational overhead.
We also examined a simpliÐed model that replaces the Galilean satellites with uniform circular equatorial rings represented by their quadrupole e †ect (see Roy et al. 1988) . As the di †erences between this model and the original one were only of the order of 200 km, we could have used it but, instead, chose to remain with the explicit perturbing satellites.
The integration was carried out with a variable order, variable step size, Gauss-Jackson method. An absolute truncation error limit of 10~9 km s~1 imposed on the velocity controlled the integration step. The maximum order was 15, and the step size was 12,000 s for the direct orbits and 16,000 s for the retrograde ones (each set of orbits was integrated separately).
ORBIT ANALYSIS

Observation Sources
The literature search of Pierce (1974) reports on the collection of observations of all the Jovian satellites from their respective discoveries to 1972. We have continued to add to that collection, and it now extends through January of 2000. For the most part, the observations of the outer satellites are topocentric photographic or CCD positions referred to a mean equator and equinox at some epoch (this includes the FK4/B1950.0 and FK5/J2000.0 systems). There are also a small number of apparent positions (actually mean positions converted to apparent for publication). Table 2 lists the sources of the observations used in this analysis ; the Ðrst Stone (2000, private communication) column contains the year of the observations, the second and third columns identify the observatory and instrument, and the last column gives the reference or publication.
Observation Modeling
The orbit determination procedure employs an algorithm that minimizes the weighted sum of squares of the residuals of the actual minus-computed observations. Hence, the procedure requires the formation of computed observables. In our approach, we attempt, where possible, FIG. 9 .ÈLysithae right ascension residuals to compute the values of the observables as actually recorded rather than transform those values to a standard system (e.g., B1950.0 or J2000.0 system) as other authors have often done. Philosophically, we feel that it is more correct to attempt to match the original observations rather than to alter them for computational convenience. Moreover, we believe that to properly account for observational error, the data weights should apply directly to the original observations. Residuals against those original observations also provide a better measure of the quality of the observations   FIG. 10 .ÈLysithae declination residuals For observations referred to a mean equator and equinox of epoch system (other than the FK5/J2000.0), we Ðrst precess the J2000.0 satellite position to the mean equator at the time of the observation with the IAU76 precession. We then precess it from that time to the mean equator of epoch using the Kinoshita (1975) (Fricke 1985) . In applying this latter correction, we are assuming that the star catalogs used in the reduction of the early data measured right ascensions from NewcombÏs equinox. This assumption appears to be justiÐed because the correction signiÐcantly improves the Ðt to nearly all of the early observations. Although not strictly correct, we treated the apparent positions as if they were apparent positions in the J2000.0 system ; a previous investigation (Jacobson 1998) found that errors introduced by this FIG. 16 .ÈLeda declination residuals procedure are below the other systematic errors present in the observations.
Observation Processing and Results
We divided the observations into sets according to opposition and observer and assigned to each set a weight numerically equal to the reciprocal of the assumed accuracy of the observations in the set. For most sets, we took the accuracy to be the root mean square (rms) of the residuals as determined through an iterative process. Some sets, however, we deweighted to varying degrees ; these sets included those with few observations or with an unusually small residual rms. We used a least-squares procedure based on Householder transformations (Lawson & Hanson 1974) to Ðt the orbits to the observation sets by adjusting the epoch state vectors of the integrated orbits.
The publications of the Greenwich observations give positions of Jupiter that were reduced in the same manner as those of the satellites. In the publications, these positions are compared with the tabular place of Jupiter in the Nautical Almanac to develop a set of corrections for the elimination of star catalog and Jupiter ephemeris errors. Rather than apply the published corrections, we chose, instead, to determine our own corrections through direct processing of the Jupiter positions. We formed residuals against positions computed from the DE405 and E5 ephemerides (the former gives the Jovian system barycenter position, and the latter relates the planet position to the barycenter). We extended our processing to include the determination of right ascension and declination biases, which minimize these residuals. The biases a †ect the computed positions of all of the satellites and Jupiter.
We also included biases for the extensive observation sets of C. D. Perrine at the Lick Observatory, S. B. Nicholson at the Mount Wilson and Palomar observatories, and G. F. Benedict, J. D. Mulholland, P. J. Shelus, and A. L. Whipple at the McDonald Observatory. Although no planet observations were available in these cases, each observation set normally included many observations of more than one satellite over several nights each year. The biases, again, attempt to account for star catalog and Jupiter ephemeris errors, which are common to all of the observations in each set.
The epoch state vectors obtained from the Ðt appear in Table 3 , and the observation biases are listed in Table 4 . Some of the biases are rather large. Similar large biases were also found in the Greenwich observations of the Saturnian satellite Phoebe during the same era (Jacobson 1998) .
Figures 1È16 display the residuals giving an indication of their scatter, as well as the time distribution of the observations. Table 5 gives the number of observations of each satellite and the mean and rms of the postÐt residuals (after the removal of the observation biases).
MEAN ORBITAL ELEMENTS
To obtain a set of descriptive elements, we Ðtted a precessing-ellipse model to each of the integrations over the period 1900 to 2000. Table 6 contains the elements. The reference plane for each element set is the respective satelliteÏs Laplacian plane, the plane on which the orbit precesses almost uniformly. The orientation angles for the Laplacian plane poles, determined as part of the Ðt to the integration, are also given in the table. For each satellite the epoch mean longitude (j), longitude of periapsis (-), and longitude of the ascending node ()) are measured from the ascending node of the Laplacian plane on the EarthÏs mean equator of J2000.0. We should emphasize that these elements provide only an approximate representation of the orbits : periodic di †erences between the mean orbits and integrated ones can be as large as 8 Mkm.
ACCURACY ASSESSMENT
The accuracy to which the orbits can be determined is limited primarily by the observation errors (e.g., star catalog errors, measurement errors, reduction limitations). The error in the DE405 ephemeris of Jupiter is less that and 0A .1 has little e †ect on the modeling of the observations. Relative to the observation errors, dynamical modeling errors are small. The most important dynamical parameters, the GMs, are well known from spacecraft data, and inaccuracies in the ephemerides of the perturbing bodies degrade the orbit integrations by less than 100 km.
To estimate the accuracy of the orbits, we Ðrst examined the formal covariance from the Ðt. The accuracy predicted by the covariance is a lower bound because it only accounts for observation errors as represented by the data weights. We then performed a number of sensitivity studies with various data subsets and weights. Table 7 gives our assessment of the orbit accuracies at the integration epoch based on this analysis (these accuracies are in the range of 3 to 5 times the formal errors). Error growth will occur primarily in the in-orbit direction as a consequence of the period error.
CONCLUDING REMARKS
This article has reported on the determination of the orbits of the eight outer satellites of Jupiter using numerical integration Ðt to Earth-based astrometric observations. The dynamical model includes all major perturbations with the most recent values of the dynamical parameters. The observation set contains all available observations from the time of each satelliteÏs discovery through 2000 January. This determination of the orbits is the Ðrst to incorporate modern high precision CCD observations reduced using modern highly accurate reference star positions. We expect to continue improving our knowledge of the orbits as more of these CCD observations become available.
Ephemerides based on the orbits described in this article are available electronically from the JPL Horizons on-line solar system data and ephemeris computation service (Giorgini et al. 1996) .
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